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Edited by Miguel De la RosaAbstract Here, we report the volume and enthalpy changes
accompanying CO photodissociation from the mixed valence
form of cytochrome bo3 oxidase from Escherichia coli. The re-
sults of photoacoustic calorimetry indicate two kinetic phases
with distinct volume and enthalpy changes accompanying CO
photodissociation from heme o3 and its transfer to CuB. The ﬁrst
phase occurring on a timescale of <50 ns is characterized by a
volume decrease of 1.3 ± 0.3 mL mol1 and enthalpy change
of 32 ± 1.6 kcal mol1. Subsequently, a volume increase of
2.9 mL mol1 with an enthalpy change of 5.3 ± 2.5 kcal mol1
is observed with the lifetime of 250 ns (this phase has not been
detected in previous optical studies). These volume and enthalpy
changes diﬀer from the volume and enthalpy changes observed
for CO dissociation from fully reduced cytochrome bo3 oxidase
indicating that the heme o3/CuB active site dynamics are aﬀected
by the redox state of heme b.
 2005 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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The heme/copper oxidases catalyze the reduction of oxygen
to water in the respiratory chains of mitochondria and many
aerobic bacteria. The redox reactions (i.e., intra-molecular
electron transfers (ETs)) are coupled to active proton transport
across a membrane barrier to create an electrochemical poten-
tial [1,2]. All enzymes within this class contain at least three
subunits, two heme chromophores and at least one copper
ion located within the largest subunit of the enzyme (subunit
I). Heme copper oxidases from higher organisms contain an
additional binuclear copper cluster that catalyzes the ET from
cytochrome c to the low-spin heme chromophore.
Cytochrome bo3 (Cbo) is the terminal enzyme in the aerobic
respiratory chain of E. coli that utilizes ubiquinol-8 as an elec-
tron donor for oxygen reduction. This four-subunit enzyme
shares considerable structural and functional similarities with
cytochrome c oxidase (CcO) from bovine heart muscle and
the bacterium Rhodobacter sphaeroides (see Fig. 1) [3,4]. The*Corresponding author. Fax: +1 813 974 3203.
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doi:10.1016/j.febslet.2005.04.055reduction of dioxygen takes place at a binuclear center, which
is composed of a ﬁve coordinate high spin heme o3 and a cop-
per ion (CuB). An additional low-spin six-coordinate heme
(heme b) serves as an electron shuttle between ubiquinol-8
and the binuclear center. From studies with site-directed mu-
tants [5] and 3D structural models [4] two proton translocating
channels have been proposed that direct protons to the binu-
clear center. The so-called ‘‘K’’ channel begins with Lys362
and proceeds through Thr359, Thr352, Ser299, Tyr288 and
ends at the binuclear center (Rb. sphaeroides numbering).
The ‘‘D’’ channel has an entryway on the cytoplasmic side
formed by Asp 135 and continues through Asp124, Thr211,
Asn142, Asn124, Tyr61, Thr204, Ser145, Thr201 and Thr149
and comes into close proximity of the binuclear center through
Glu286. It is believed that the ‘‘K’’ channel is active during the
ﬁrst phase of the reaction cycle in which the enzyme accepts
two electrons and takes up two protons whereas the ‘‘D’’ chan-
nel conducts protons to the binuclear center as well as to per-
iplasm during the reduction of dioxygen intermediates [6].
The mechanism through which dioxygen reduction at the
binuclear center is coupled to active proton translocation with-
in the enzyme has yet to be determined. It has been proposed
that redox changes occurring during the catalytic cycle induce
conformational changes within the enzyme that serve to drive
the active proton transport across the membrane [7,8]. Thus
determining the magnitude and time scales of volume (i.e.,
conformational) and enthalpy changes associated with redox
reactions occurring at the binuclear center is critical for under-
standing the proton pumping mechanism.
Previous studies have shown that Cbo (as well as other
heme/copper oxidases) can be prepared in a form in which
heme b is oxidized and the heme o3/CuB binuclear center is re-
duced with CO bound to heme o3 (so-called mixed valence
form (MV)). Photo-dissociation of CO from heme o3 results
in the rapid electron transfer between heme o3 and heme b with
a rate constant of 2 · 105 s1 (Fig. 1). The rebinding of CO
occurs with a rate constant of 87 s1 (1 mM CO) [9–11]. Sim-
ilar rate constants have been reported for ET between heme a3
and heme a subsequent to CO photolysis from the MV form of
CcO [12,13]. Recently, we have shown that the reorganiza-
tional energy associated with intra-molecular ET between
heme o3 and heme b is signiﬁcantly larger than the correspond-
ing reorganizational energy between heme a and heme a3 in
bovine heart CcO (1.4 vs. 0.76 eV). It was suggested that struc-
tural changes localized at the CuB site upon change in oxida-
tion state of the heme may contribute to the larger
reorganizational energies in the bacterial enzyme [15].ation of European Biochemical Societies.
Fig. 1. Reaction scheme for ligand photolysis from the CO mixed valence form of Cbo.
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sociation from the binuclear center of fully reduced Cbo was
found to be 5.1 mL mol1 while two phases were resolved
in the photodissociation of CO from fully reduced CcO with
rates of <50 ns and 1.5 ls and volume changes of +13.7
and 6.8 mL mol1, respectively [15]. The fast volume and en-
thalpy changes arise from the photo-cleavage of CO from the
heme iron and subsequent binding to the CuB site. These re-
sults further demonstrate distinct conformational dynamics
associated with ligand binding to fully reduced heme copper
oxidases from bacterial and mammalian sources.
In this report we have examined volume and enthalpy
changes subsequent to CO dissociation from the MV form of
Cbo using photoacoustic calorimetry (PAC). In addition to a
prompt (i.e., <50 ns) volume and enthalpy change we also ob-
served an additional phase with the rate constant of 4 · 106 s1
which has not been observed using the time- resolved optical
methods.2. Materials and methods
Cytochrome bo3 was puriﬁed from E. coli strain GO105/pJRHISA
[16]. A histidine tag on subunit II of the enzyme extends the enzyme
by seven His residues, which allows puriﬁcation in one step. The en-
zyme was puriﬁed in n-dodecyl b-D-maltoside (DM) as described pre-
viously [17]. The enzyme was stored as a stock solution (150 lM) in
100 mM HEPES buﬀer containing 0.1% DM (pH 7.5). Samples were
prepared by dilution the stock solution to 10 lM in 50 mM HEPES
buﬀer containing 0.05% DM (pH 7.5). To prepare the mixed valence
state of Cbo the sample was placed in 1 cm quartz cuvette sealed with
a septum cap and de-aerated with Ar for 20 min. Finally, the sample
was purged with CO for 10 min and the formation of the MV state
of the enzyme was veriﬁed by UV/Vis spectra obtained using MiltonRoy Spectronic 3000 diode array UV–Vis spectrophotometer or Shi-
madzu UV-2401 PC spectrophotometer. We have used Fe(III) (4-sul-
phonatophenyl) Porphine (Fe4SP) (Porphyrin Products Inc.) in
50 mM HEPES buﬀer, 0.05% DM (pH 7.5) as a reference compound
for the PAC measurements. Absorbance of the sample and the refer-
ence at the excitation wavelength (532 nm) were adjusted to be 0.3
for both the sample and the reference.
The instrumentation and application of PAC to study the electron
transfer reactions and ligand binding in proteins has been reviewed
elsewhere [18–21]. PAC measurements were performed by placing a
1 · 1 cm quartz cuvette containing 2 mL of a sample in the tempera-
ture controlled sample holder housing a Panametric V103 transducer.
Contact between the cuvette and the detector was facilitated with a
thin layer of vacuum grease. Photo-dissociation of CO was achieved
with a 532 nm laser pulse (Continuum Minilite I frequency double
Q-switched Nd:YAG laser, 6 ns pulse, <80 lJ). The acoustic signal
was ampliﬁed with an ultrasonic preamp (Panametrics) and recorded
using an NI 5102 Oscilloscope (15 MHz) controlled by VirtualBench
software (National Instrument). The PAC data were analyzed using
the multiple temperature method in which sample and calorimetric ref-
erence acoustic traces are obtained as a function of temperature. The
ratio of the amplitudes of the acoustic signals is then plotted versus
1/(b/Cpq) according to the following equation:
ðS=RÞ Ehm ¼ /Ehm ¼ U½Qþ ðDV conÞ=ðb=CpqÞ; ð1Þ
where U is the quantum yield, Q is the heat released to the solvent, b is
the coeﬃcient of thermal expansion of the solvent (K1), Cp is the heat
capacity (cal g1 K1), q is the density (g mL1) and DVcon represents
conformational/electrostriction contributions to the solution volume
change. A plot of /Ehm versus (Cpq/b) gives a straight line with a slope
equal to UVcon and an intercept equal to the released heat (UQ). Sub-
tracting (UQ) from Ehm gives DH for processes occurring faster than the
time resolution of the instrument (<50 ns). The UQ values for subse-
quent kinetic processes represent DH for that step (i.e., heat re-
leased). Since the acoustic transducer is sensitive to the amplitude of
the acoustic waves as well as to their temporal proﬁle individual con-
tributions to DVcon and Q arising from longer time kinetic events can
be resolved. The observed time dependent acoustic signal E(t)obs is
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Fig. 2. Photoacoustic waves of the reference – (Fe(III) (tetrakis-4-sulfonatophenyl porphyrin)) (left panel) and CO-MV Cbo (right panel) as a
function of temperature (increasing amplitudes with increasing temperature from 15 to 28 C). Conditions: 15 lM Cbo in 50 mM HEPES, 0.05%
dodecyl maltoside, pH 7.5. The absorbance of reference and sample at 532 nm were 0.3.
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(the reference acoustic wave) with a time dependent function of the de-
cay processes, H(t):
EðtÞobs ¼ HðtÞ  T ðtÞ; ð2Þ
where
HðtÞ ¼ /1 expðs=t1Þ þ ½/2k2=ðk2  k1Þ½expðs=t1Þ  expðs=t2Þ; ð3Þ
T(t) can be independently determined from the reference compound.
We have used Simplex parameter estimation software developed in
our laboratory to obtain parameters /i and ti. Processes occurring fas-
ter that roughly 50 ns cannot be resolved in time but the integrated en-
thalpy and volume changes can be quantiﬁed from the amplitude of the
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Fig. 3. Overlay of the photoacoustic waves for the reference and CO
MV Cbo at 18 C together with a double exponential ﬁt (dotted line)
and the residuals obtained from the deconvolution. Conditions are as
given in Fig. 2.3. Results and discussion
Acoustic traces of the sample and reference compound as a
function of temperature are presented in Fig. 2. In both cases,
the amplitude increases with the temperature due to the signif-
icant temperature dependence of (b/Cpq) factor. Fig. 3 shows
an overlay of PAC signals for CO photodissociation from
MV Cbo and a calorimetric reference compound Fe(3+)4SP
at 18 C. The phase shift of the sample wave relative to the ref-
erence wave indicates that there are volume/enthalpy changes
occurring with a lifetime between 50 ns and 10 ls. Decon-
volution of the acoustic waves reveals two decay processes.
The ﬁrst decay occurs with a lifetime shorter than the detection
limit of our instrument (<50 ns) and the second has a lifetime
of 250 ns at 21 C. The volume and enthalpy changes for
both processes were obtained from a plot of the ratio of sample
signal amplitude to that of the reference scaled to the photon
energy at 532 nm (Fig. 4). The ﬁrst process shows a small con-
traction of 1.3 ± 0.3 mL mol1 and an enthalpy of
32 ± 1.6 kcal mol1. The 250 ns process is characterized by a
positive volume change of 2.9 ± 0.5 mL mol1 and an enthalpy
change of 5.3 ± 2.5 kcal mol1. The enthalpy changes for CO
dissociation from heme o3 are calculated as described in [14].
Subsequent to photolysis of CO from heme o3 CO binds
transiently to CuB within <1 ps and thermally dissociates from
CuB with a rate constant of 8 · 103 s1 [22]. In the mixedvalence form of the enzyme the photolysis of CO is followed
by electron equilibration between heme o3 and heme b which
does not occur in the fully reduced enzyme. The back electron
transfer between heme o3 and heme b occurs with a rate con-
stant of 2 · 105 s1 which is too slow to be resolved by our
PAC instrument [9]. The volume changes associated with the
CO photodissociation from heme o3 and binding to CuB in-
clude CO–Fe bond cleavage, CO–CuB bond formation and a
low-spin to high-spin transition at heme o3. These changes
are expected to contribute +10 mL mol1 to the overall vol-
ume changes occurring <1 ps (time scale of the CO binding to
CuB) [14]. CO photodissociation from the fully reduced en-
zyme results in a negative volume change of 5.1 mL mol1
occurring faster than 50 ns suggesting that protein conforma-
tional changes accompany the ligand transfer between heme
o3 and CuB. Previous EXAFS studies of Cbo have suggested
that CO dissociation from heme o3 and its rebinding to CuB
leads to an increase of the bond length between the copper
and two histidine ligands which may contribute to the
observed volume change [23]. In the case of the MV form of
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Fig. 4. Plot of /iEhm (kcal mol
1) versus Cpq/b (kcal mL
1) for CO
photodissociation from MV Cbo.
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4 mL mol1 smaller than volume changes measured for the
fully reduced enzyme. This indicates that structural changes,
which are coupled to the CO transfer from heme o3 to CuB,
are aﬀected by the oxidation state of heme b.
The observed enthalpy change associated with the fast phase
(DH = 32 ± 1.6 kcal mol1) is signiﬁcantly higher than the
enthalpy of CO dissociation from chelated heme containing
a nitrogenous base at the ﬁfth coordination site (DH =
17 kcal mol1) further suggesting the presence of structural
changes associated with ligand transfer between the heme o3
and CuB [24]. In addition the enthalpy changes corresponding
to the negative volume changes in the MV Cbo are
10 kcal mol1 larger than enthalpy changes observed for
the CO dissociation from the fully reduced Cbo suggesting
the existence of a more endothermic process during the COFig. 5. Molar volume and enthalpy proﬁles for the photolysis of CO from t
intermediate represents the initial CO photo-release of CO from heme o3 anbinding to CuB in the MV form of the enzyme as compared
to the fully reduced form.
The observed 250 ns phase is characterized by a positive vol-
ume change of 3 mL mol1 and enthalpy change of 5 kcal
mol1. The origin of the 250 ns phase is not clear. Recently,
it has been suggested that fast electron transfer takes place be-
tween heme a and heme a3 subsequent to the photolysis of the
CO MV form of bovine heart Cco [25]. The rate has been esti-
mated to be in the order of 1.2 ns with a free energy of 45–
55 meV [26]. In contrast, another study using instrumentation
with a time resolution of 10 ns did not report any electron
transfer on fast time scales [27]. Previous studies of intra-
molecular ET in Cbo have not revealed any evidence of
ultra-fast ET [28].
An alternative possibility for conformational dynamics asso-
ciated with the dioxygen reduction site may involve Glu286. It
has been previously shown that CO photodissociation from
the binuclear center of the fully reduced protein results in per-
turbations to Glu286 suggesting a conformational linkage be-
tween the binuclear center and the D-channel [29,30]. This
conformational change is also present in the bovine enzyme
and persists even after CO dissociation from the CuB site.
Additional perturbations to the Glu89 residue have also been
observed subsequent to CO photolysis from fully reduced
Cbo. It has been suggested that electrostatic coupling exists be-
tween this residue and the Lys residue making up the entrance
of the K-channel [31]. Time-resolved step scan FTIR have sug-
gested that the perturbations to Glu286 occur faster than the
5 ls [30] (see Fig. 5). The fact that we did not observe any
volume/enthalpy changes subsequent to CO photolysis from
the fully reduced form of Cbo within an 50 ns to 10 ls time
frame and the FTIR results show Glu286 changes already
developed after 5 ls suggest that these changes must occur
on a time scale faster than 50 ns. The results presented here
are then consistent with a model in which the Glu286 pertur-
bation subsequent to CO binding to CuB may be aﬀected by
the oxidation state of heme b. Thus when heme b is in thehe fully reduced and CO mixed valence forms of Cbo. The bracketed
d subsequent binding to CuB prior to Glu286 perturbation.
3018 J. Miksˇovska´ et al. / FEBS Letters 579 (2005) 3014–3018Fe2+ state the perturbation occurs in <50 ns and occurs with a
lifetime of 250 ns when heme b is in the Fe3+ state.
The model presented above suggests that the 250 ns phase
observed in the PAC signal subsequent to photolysis of the
CO mixed valence Cbo arises from a conformational change
associated with Glu286 perturbations and that these are the
same perturbations that occur in the fully reduced Cbo upon
CO photolysis on a much faster time scale. If this is indeed
the case, then the cumulative volume and enthalpy changes ob-
served for CO photolysis from the CO MV for of Cbo should
equal those observed for the fully reduced Cbo photolysis. The
total enthalpy change for CO photolysis from the mixed va-
lence complex (i.e., DH<50ns + DH250 ns) is 27 ± 2 kcal mol1
while that for the fully reduced complex is 22 ±
2 kcal mol1, consistent with the proposed mechanism. The
total volume change associated with CO photolysis from the
mixed valence complex is also quite similar to those observed
for the fully reduced enzyme, within the experimental error
(i.e., +1.6 ± 1 mL mol1 and 5 ± 2 mL mol1 for the
mixed valence and fully reduced forms of the enzyme,
respectively).
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